Abstract Observations suggest that γ-ray loud blazars are strongly beamed. The Fermi mission has detected many of blazars, which provide us with a good opportunity to investigate the emission mechanism and the beaming effect in the γ-ray region. We compiled the X-ray observations for 138 Fermi blazars (54 flat spectrum radio quasars, 36 low-peaked BL Lacertae objects, and 48 high-peaked BL Lacertae objects) and calculated their Doppler factors, δ γ . It is interesting that the calculated Doppler factors, δ γ , are strongly correlated with the γ-ray luminosity.
INTRODUCTION
Blazars are an extreme subclass of active galactic nuclei (AGNs) , that show rapid and large variability, high and variable polarization, superluminal motions in their radio components, and strong γ-ray emissions, etc (see Abdo et al. 2009 Abdo et al. , 2010 Ackermann et al. 2011; Aller et al. 2011; Bastieri et al. 2011; Fan et al. 1996 Fan et al. , 2011 Ghisellini et al. 2010; Gupta 2011; Marscher et al. 2011; Nolan et al. 2012; Romero et al. 2002; Wills et al. 1992; Urry 2011) . There are two subclasses of blazars, namely flat spectrum radio quasars (FSRQs) and BL Lacertae objects (BLs) with the former showing strong emission line features and the latter showing very weak emission lines or no emission lines at all. BL Lacertae objects are also divided into high-peaked BL Lacertae objects (HBLs) and low-peaked BL Lacertae objects (LBLs) (see Urry & Padovani 1995) , and they were found to form a continuous sequence of objects with the discovery of the intermediate type of BL Lacertae objects (IBLs) (Nieppola et al. 2006; Lott 2010) .
From the γ-ray emissions detected by the EGRET spacecraft, it is believed that the γ-ray emissions are strongly beamed, and a relativistic beaming effect was investigated for the γ-ray loud blazars from the correlations between the γ-ray emissions and the radio emissions (see Dondi & Ghisellini 1995; Fan et al. 1998; Huang et al. 1999) . The γ-ray Doppler factors have even been estimated for some γ-ray loud blazars. For example, for the quasar 1633+382, δ γ = 7.6, and for 3C 279, δ γ = 3.9 ∼ 5.2 (Mattox et al. 1993; von Montigny et al. 1995) . We also discussed the estimation of the γ-ray Doppler factors for some γ-ray loud blazars Fan 2005) .
Since the launch of the new generation Fermi γ-ray detector, it has recorded many blazars (see Abdo et al. 2010; Ackermann et al. 2011; Nolan et al. 2012) . The relativistic beaming effect has been discussed for blazars observed by Fermi (see Kovalev et al. 2009; Arshakian et al. 2010; Savolainen et al. 2010; and Pushkarev et al. 2010 ), but the γ-ray Doppler factors have not been estimated for those blazars. It is known that the Doppler factors are important in the discussion of blazars, therefore, we will estimate the factors for those Fermi detected blazars with available X-ray emission data. In Section 2, we will show the sample and the results; in Section 3, we will give some discussions and a brief conclusion. We adopt H 0 = 73 km s −1 Mpc −1 , and the spectral index, α, is defined as f ν ∝ ν −α throughout this paper.
SAMPLE AND RESULTS

Pair-Production Optical Depth
The extreme observation properties of blazars, such as rapid variability, high and variable polarization, and superluminal motion, can be explained using a relativistic beaming model. The strong γ-rays detected from blazars imply that the beaming effect is presented in those sources, otherwise the γ-rays should have been absorbed due to pair-production when collision occurs with photons of lower energy. In 1993, Mattox et al. considered the pair-production optical depth. They assumed that (1) the X-ray is produced in the same region as the γ-rays, and that a similar X-ray intensity was extant at the time of the γ-ray observation; (2) the emission region is spherical; (3) the emission is isotropic, and the size of the emission region is constrained by time variation to be less than R = c∆T /(1 + z), where ∆T is the timescale of variability, c is the speed of light, and z is the redshift. Finally, they obtained the optical depth,
where δ is the Doppler factor, α is the X-ray spectral index (F νX ∝ ν −α X ), h 75 = H 0 /75, ∆T 5 = ∆T /(10 5 s), F keV is the flux density at 1 keV and E γ is the energy at which the γ-rays are detected. If we use a Λ−CDM model (Capelo & Natarajan 2007) for the luminosity distance,
with Ω Λ ≃ 0.7, Ω M ≃ 0.3 and Ω K ≃ 0.0, then the optical depth can be rewritten as
So, the lower limit of the Doppler factor can be estimated if we assume that the optical depth does not exceed unity (see Fan et al. 2012a ).
Sample
Based on the second catalog of Fermi gamma-ray LAT (2FGL) (Ackermann et al. 2011; Nolan et al. 2012) , we compiled the available X-ray data from the literature and listed them in Table 1 . Notes: Column (1) gives the name of the source in 2FGL; Col. (2) 
Calculations
For a source, the γ-ray luminosity can be calculated from the detected photons (see Fan et al. 2012b ).
where d L is the luminosity distance and f is the integral flux in units of GeV cm −2 s −1 , which can be expressed as
Here N (EL∼EU ) is the number of photons in the energy range of E L and E U . In this paper, E L and E U correspond to 1 GeV and 100 GeV respectively. The calculated luminosities are listed in Col. (12) of Table 1 . From Table 1 , we can derive the average γ-ray luminosity for different subclasses as follows: log L γ | FSRQs = 47.06 ± 0.82 erg s −1 for the 54 FSRQs, log L γ | LBLs = 46.14 ± 1.01 erg s −1 Fig. 1 Plot of the γ-ray luminosity, log νLν (erg s −1 ), versus the γ-Doppler factor, log δγ , for the Fermi blazars. The open circles stand for FSRQs, and the filled points for BLs. The solid line represents the best fitting result for the whole sample, the broken line denotes FSRQs, and the dotted line signifies BLs.
for the 36 LBLs, and log L γ | HBLs = 44.94 ± 0.83 erg s −1 for the 48 HBLs. The average values of log L γ suggest there is a sequence such that log
The lower limit of the γ-ray Doppler factor can be obtained from Equation (4) if the redshift, the variability timescale, the X-ray flux density at 1 keV and the γ-ray energy are known. Although the variability timescales are available for a few sources (Yang & Fan 2010) , they are not known for most sources. We take one day for the timescale, ∆T = 1 d, as in Ghisellini et al. (1998) . We use the averaged energy for E γ , which can be calculated by E =
, and is listed in Col. (10) of Table 1 . Therefore, the lower limit of the γ-ray Doppler factor can be estimated and listed in Col. (11) of Table 1 .
From the obtained results, we have log δ γ | FSRQs = 12.14 ± 9.38 for the 54 FSRQs, log δ γ | LBLs = 4.64 ± 2.44 for the 36 LBLs, and log δ γ | HBLs = 3.63 ± 1.76 for the 48 HBLs. The average values of log δ γ also suggest there is a sequence such that
Based on the calculated γ-ray luminosity and the γ-ray Doppler factors, we can obtain logL γ (erg s −1 ) = (3.41 ± 0.18)logδ + (43.60 ± 0.14)
with a correlation coefficient r = 0.85 and a chance probability of p < 10 −4 for the whole sample (see Fig. 1 , see also Fan et al. 2012a ). When we consider the subclasses FSRQs and BLs separately, we have logL γ (erg s −1 ) = (2.07 ± 0.31)logδ + (45.00 ± 0.32) with a correlation coefficient r = 0.68 and chance probability of p < 10 −4 for the 54 FSRQs, and logL γ (erg s −1 ) = (4.34 ± 0.33)logδ + (43.03 ± 0.19) with a correlation coefficient of r = 0.83 and chance probability of p < 10 −4 for 84 BLs. The corresponding plots are shown in Figure 1 .
DISCUSSION
Blazars are the subclass of AGNs with special observational properties, which are explained by the relativistic beaming effect. The γ-ray loud blazars detected in highly energetic bands provide us with a good opportunity to investigate the emission mechanism and the beaming effects, as we summarized in our previous paper (Fan et al. 1998 ). There are several models for the γ-ray emissions. The soft photons are scattered up to the γ-ray region, or the γ-rays are from the synchrotron emissions of ultra-relativistic electrons and positrons produced in a proton-induced cascade (PIC) (Mannheim & Biermann 1992; Mannheim 1993; Cheng & Ding 1994) . For the soft photons, there are two main processes: (1) The synchrotron self-Compton model (SSC). In this model, the scattered soft photons are from the synchrotron emissions in the jet (Maraschi et al. 1992; Bloom & Marscher 1996; Zdziarski & Krolik 1993) . (2) The inverse Compton process on the external photons (EC), in which the soft photons are either from a nearby accretion disk (Dermer et al. 1992; Coppi et al. 1993) , or from disk radiation reprocessed in the broad emission line region of AGNs (Sikora et al. 1994; Blandford & Levinson 1995) .
Based on data from the EGRET mission, the beaming effect in the γ-ray regions is discussed. This effect is revisited using the Fermi detected blazars (see Arshakian et al. 2010; Fan et al. 2008; Kovalev et al. 2009; Pushkarev et al. 2010; Savolainen et al. 2010 and Fan et al. 2012b ). However, the beaming effect is mostly investigated using the radio emissions (including the radio Doppler factor, δ R , radio variability and radio polarization). It is possible that the radio Doppler factors, δ R , are not the same as those in the γ-rays, δ γ . In this case, the disagreement in the two Doppler factors would result in some false results.
In this paper, based on the proposed model (Mattox et al. 1993 , see also von Montigny et al. 1995), we can calculate the lower limit of the γ-ray Doppler factors for the sources with available X-ray and gamma-ray emissions. The calculated results are obtained for 138 blazars (54 FSRQs, 36 LBLs and 48 HBLs) for the case of the variability time scales being one day as in Ghisellini et al. (1998) . When the variability time scale is six hours, ∆T = 6 h, the resulting Doppler factor will be a little greater than that obtained for ∆T = 24 h, namely δ 6 h ∼ 1.4δ 24 h -0.70.
The distance used in this paper is different from that used in Mattox et al. (1993) . There are two sources (1633+382 and 3C 279), and their γ-ray Doppler factors were determined in the paper by Mattox and here. We can compare these results.
The quasar 1633+382 is located at z = 1.8 and has an X-ray flux density of F 1 keV = 0.08 µJy, with a time scale of two days. When α X = 0.7, q 0 = 0.5 and H 0 = 75 km Mpc −1 s −1 are adopted, a γ-ray Doppler factor of δ γ ≥ 7.6 (for E γ = 3 GeV) was obtained by Mattox et al. (1993) , who used the luminosity distance of d L = 100 H0 × 1.85 × 10 28 (1 + z − √ 1 + z) cm. With those parameters, and using the luminosity distance given by Equation (2) in this work, we then have δ γ ≥ 8.8 (for E γ = 3 GeV). In this work, we adopted the X-ray data, F 1 keV = 0.42 µJy and α X = 0.53 from Donato et al. (2001) and ∆T = 1 d, and obtained a γ-ray Doppler factor of δ γ ≥ 17.21 (for E γ = 3.44 GeV). δ γ ≥ 15.01 can be obtained if ∆T = 2 d is adopted.
For 3C 279, Mattox et al. (1993) adopted a time scale of ∆T = 2 d (Kniffen et al. 1993 ), α = 0.7, h 75 = 1, E γ = 3 GeV and F keV = 0.8 µJy, and obtained δ γ ≥ 3.9. With those parameters and the luminosity distance Equation (2), we can get δ γ ≥ 5.1. In this work, we adopted the X-ray data, F 1 keV = 1.34 µJy and α X = 0.83 from Donato et al. (2001) and set ∆T = 1 d, and we obtained a γ-ray Doppler factor of δ γ ≥7.65 (for E γ = 3.54 GeV); δ γ ≥5.3 can be obtained if ∆T = 2 d is adopted. Our calculation results are consistent with those given in Mattox et al. (1993) . However, it is clear that the Doppler factor obtained using the luminosity distance Equation (2) is greater than that obtained using the distance of d L = 100 H0 ×1.85×10
28 (1+z− √ 1 + z) cm by Mattox et al. (1993) . It is clear that the γ-ray Doppler factor determined in this paper using luminosity distance in the Λ−CDM model (Capelo & Natarajan 2007) is greater than that determined in Mattox et al. (1993) . Fig. 2 Plot of the γ-Doppler factor, δγ , versus the radio Doppler factor, δR, for some Fermi blazars. The radio Doppler factors in the left panel are from Ghisellini et al. (1993) , and those in the right panel are from Huang et al. (1999) . The solid lines stand for δγ = δR.
We also compared the obtained γ-ray Doppler factor (δ γ ) with the radio Doppler factor (δ R ). Some methods are proposed to estimate the Doppler factor: (i) the Doppler factor (δ ssc ) can be derived by a synchrotron self-Compton (SSC) model (see Ghisellini et al. 1993) ; (ii) the Doppler factor (δ eq ) can be estimated using single-epoch radio data by assuming that the sources have an equipartition of energy between radiating particles and the magnetic field (Readhead 1994) ; and (iii) the Doppler factor (δ var ) can be estimated using the radio flux density variations (Lähteenmäki & Valtaoja 1999) . Furthermore, the lower limits of the Doppler factor have been estimated for the γ-ray loud blazars (Dondi & Ghisellini 1995; Cheng et al. 1999; Fan 2005; Fan et al. 1999; Ghisellini et al. 1998) .
For the radio Doppler factors estimated using the SSC model (Ghisellini et al. 1993; Huang et al. 1999) , we compiled the relevant data and listed them in Table 2 . The corresponding plot of the γ-ray Doppler factor versus the radio Doppler factor is shown in Figure 2 . In the left panel of Figure 2 , we can see that, except for the three points in the top left corner, the estimated γ-ray Doppler factors are not correlated with the radio Doppler factors.
For the radio Doppler factors estimated from the variability (or brightness temperature), we have compiled them from the literature (Lähteenmäki & Valtaoja 1999; Fan et al. 2009; Hovatta et al. 2009 ) and listed them in Table 3 .
It is clear that for some sources, their radio Doppler factors are available in three papers, some are in two papers, while the rest are only obtained in one paper. Therefore, we used the averaged value of the radio Doppler factor if more than one radio Doppler factor is available when compared with the γ-ray Doppler factor. The result is shown in Figure 3 , which suggests that there is a tendency for the γ-ray Doppler factor to increase with the radio Doppler factor.
For the Doppler factors estimated from the SSC model and the variability (or brightness temperature), we found that the γ-ray Doppler factors are more consistent with the Doppler factors estimated in the latter method than with those estimated in the former method. Does that mean the Doppler factors estimated from the variability are more reliable? This is worthy of discussion using a larger sample with available radio Doppler factors.
The γ-ray Doppler factors were also estimated by Zeng & Zhang (2011) using the dependence of the Doppler factor on the frequency (see Fan et al. 1993; Zhang et al. 2002) . In the work by Zeng & Zhang (2011) , the γ-ray Doppler factors are strongly correlated with the radio Doppler factors. In our analysis, except for the two points (1ES 0212+735, δ γ = 42.59, and 4C +71.07, δ γ = 28.29), other points in Figure 2 follow a close correlation between the γ-ray Doppler factor and the radio Notes: G93 - Ghisellini et al. 1993; H99 -Huang et al. (1999) . Columns (1) and (5) list the name of the source; Cols. (2) and (6) give the radio Doppler factors from Ghisellini et al. (1993) ; Cols. (3) and (7) show the radio Doppler factors from Huang et al. (1999) , and Cols. (4) and (8) contain the γ-ray Doppler factor obtained in this work.
Fig. 3
Plot of the γ-Doppler factor, δγ , versus the radio Doppler factor, δR, for some Fermi blazars.
Doppler factor. It may be that the time scale of one day is too short for 1ES 0212+735 and 4C +71.07. In this sense, it is possible to use the radio Doppler factor to replace the γ-ray Doppler factor in discussions of the beaming effect for Fermi loud blazars. In this work, the lower limits of the γ-ray Doppler factors are estimated for a sample of 138 Fermi loud blazars with available X-ray observations. For some sources, the γ-ray Doppler factors are compared with the available radio Doppler factor and found to show a tendency for the γ-ray Doppler factors to increase with the radio Doppler factors. The analysis based on the presently Lähteenmäki & Valtaoja (1999) . Columns (1) and (6) give the name of the source; Cols. (2) and (7) available radio Doppler factors suggests that the radio Doppler factors estimated from the variability can be used to discuss the beaming effect in the Fermi loud blazars.
